Abstract The pulp and paper industry uses significant amounts of water and energy for the paper production process. Closing the water cycles in this industry, therefore, promises large benefits for the environment and has the potential of huge cost savings for the industry. Closing the water cycle on the other hand also introduces problems with process water quality, quality of the end-product and scaling, owing to increased water contamination. An inline treatment system is discussed in which anaerobic-aerobic bioreactors perform a central role for removing both organic and inorganic pollutants from the process water cycle. In the proposed set-up, the organic compounds are converted to methane gas and reused for energy supply, while sulphur compounds are stripped from the process cycle and calcium carbonate is removed by precipitation. Improved control of the treatment system will direct the inorganic precipitates to a location where it does not adversely affect paper production and process water treatment. A simulation program for triggering and controlling CaCO 3 precipitation was developed that takes both biological conversions and all relevant chemical equilibria in the system into account. Simulation results are in good agreement with data gathered in a full-scale "zero-emission" paper plant and indicate that control of CaCO 3 precipitation can be improved, e.g. in the aerobic post-treatment. Alternatively, a separate precipitation unit could be considered.
Introduction
With an average water consumption of 80 m 3 .ton -1 paper, the paper industry can be considered as one of the world's biggest water and energy consumers. However, public opinion and more stringent environmental laws in Europe and Northern America lead to the development towards closure of the process water streams. The board and packaging paper industry is already able to operate with a "zero-discharge" process, provided in-line treatment is applied (Habets and Knelissen, 1997; Van Lier et al., 2000) ; see also Figure 1 .
High temperature operation of the paper production process has distinct advantages. On the average, paper machines have a 4% higher runability, i.e. higher production capacity, per 10°C, due to the decreased liquid viscosity at high temperatures. By operating the entire production process including the inline treatment system at high temperatures, energy demands drop considerably. Therefore, thermophilic anaerobic treatment complemented with appropriate post-treatment is considered as the most cost-effective solution to meet re-use criteria of the process water and maintain its temperature. In the proposed closed Figure 1 "Zero-discharge" paper mill with inline anaerobic-aerobic treatment cycle, the anaerobic treatment step removes the largest fraction of the biodegradable COD and the produced methane is recovered for steam production inside the mill. Concomitantly, SO 4 -"S" is eliminated as H 2 S from the process stream via biogas stripping. Water hardness is significantly reduced in the subsequent aerobic post-treatment step where the anaerobically produced bicarbonate is stripped as CO 2 from the process water, causing pH rise and CaCO 3 precipitation. Whether the aerobic effluent needs further treatment prior to reuse, depends on the mill characteristics and the required quality of the product. In the present joint research project, a thermophilic anaerobic-aerobic inline treatment system will be developed for a "zero-discharge" cardboard and packaging paper mill. The overall project includes the installation of a full-scale reactor system. The current paper describes the general treatment set-up and presents a chemical model that will be used as a decision support tool to control CaCO 3 precipitation in the inline treatment system.
Polluting compounds
From the environmental engineering point of view, the closed water system of a paper mill can be regarded as a completely mixed tank reactor. During the pulping process, organic matter is dissolved in the process water. Working with recycled paper as raw material, about 75% of the COD is derived from the starch, which had been used as paper additive in the paper production process. Under the (mixed tank) paper mill conditions, i.e., high temperatures and availability of nutrients, anaerobic bacteria will grow and acidify the starch to volatile fatty acids (VFA). This subsequently leads to odour problems inside and outside the mill and will affect the quality of the end-product. The produced VFA, in its turn, dissolves the CaCO 3 , from the waste particles, that has been used as filler and coating:
While CO 2 may lead to foaming problems during pulp-stock preparation, the dissolved Ca 2+ increases the water hardness. If the VFA is converted into CH 4 and CO 2 in an inline biological treatment unit, the return of treated water may cause problems related to calcium precipitation at unwanted locations in the production line. In addition to Ca ++ , other salts will also accumulate in closed water loops, leading to an increased electro-conductivity (e.c.) in the process water. Eventually, the total amount of salts is in equilibrium with the end-product. The increased e.c., in its turn, leads to a higher cation demand and thus to a higher demand of paper chemicals (polymers). This consequently results in increased operational costs. The proposed treatment system is able to significantly decrease the e.c. value by eliminating compounds such as calcium and sulphate. Monovalent cations and chlorides will not be removed. The removal of sulphate is effected in a reductive step, in which the produced H 2 S is stripped from the closed cycle. If SO 4 -is reduced in the paper mill, the above mentioned odour problems will significantly increase. This, however, is generally not observed. Other accumulating compounds are paper chemicals, anionic trash, stickies, and dyes etc. (Habets and Knelissen, 1997) . To safeguard end-product quality and to prevent problems in the water cycle, process water treatment needs to be installed.
Optimising sulphate removal
Sulphate will be reduced in the anaerobic reactor and removed from the process loop by biogas stripping. Laboratory research indicated that H 2 S stripping could be enhanced by operating the first stage of the anaerobic reactor under acidifying conditions at pH 6 (Sipma et al., 2000; Lens et al., 2000) . Under these conditions about 95% of the sulphide is present as non-ionised H 2 S and, therefore, is relatively easy to strip.
The obtained stripping efficiency depended on the applied hydrodynamic and gas loading characteristics and were up to 4 times higher in an EGSB reactor and a N 2 -sparged UASB reactor (Table 1 ). The anaerobic reactor degrades 70-80% of the available COD, while SO 4 2-removal efficiencies may reach values up to 80%.
Modeling calcium precipitation
In order to predict calcium removal in the various treatment steps a chemical model was developed that takes all the available chemical species into account. It consists of a simplified description of the biological processes, using specified conversion efficiencies, and a more sophisticated description of the system concerning chemical equilibria in each individual unit process. The latter takes into account stripping, temperature effects, and ionic strengths. The model has a flexible set-up, allowing plugging of system units and the installation of recycle flows over one or more units. This set-up requires that calculations must be done by iteration, using the effluent of one unit process as the influent of the next unit process. For solving the steady-state concentrations by this iterative procedure, a program was written in Delphi 3, in which flexibility in the definition of unit processes, flows and compounds present, can be easily maintained.
Whenever possible, the model is calibrated using actual full-scale data from a "zerodischarge" paper mill. Calibration is performed by fitting apparent solubility products for Table 1 Effect of liquid upflow and specific gas loading on the S-stripping efficiency in a thermophilic, acidifying, sulphate reducing reactor (adapted from Van Lier et al., 2000) the relevant compounds in such a way that simulation results match the full-scale data. These apparent solubility products may deviate substantially from their theoretical values as found in literature. The calculated values agree with previous findings in our laboratory (Langerak et al., 1999) . The procedure in the modelling program to fit the apparent solubility products was adapted from the "Amoeba" routine, which was obtained from Numerical Recipes (Cambridge, USA) and incorporated into the programme code. The flowchart in Figure 2 illustrates the position of this fitting procedure in the overall program. As can be seen, two loops of iterations are incorporated in the model, which considerably increased the required calculation times. The calibrated system is subsequently used as the starting point for further simulations, e.g. for calculating the effects of specific changes to the system. By applying the model, insight is obtained into the effects of changing recirculation rates, varying reactor sequences, addition of new reactor units, ambient conditions as pH and temperature, etc. With regard to the ambient conditions it is of utmost importance to calculate them with adequately estimated apparent solubility constants. The developed simulator is regarded as a decision support tool to minimise uncontrolled precipitation and scaling in the full-scale process loop of a packaging paper mill.
Simulating CaCO 3 precipitation
Uncontrolled precipitation of CaCO 3 in the UASB reactor may lead to scaling of reactor parts as well as scaling of the anaerobic (granular) biomass that eventually may result in short-circuiting of the sludge bed and deterioration of the treatment performance (van Langerak, 2000) . The most appropriate place to eliminate Ca from the process loop ( Figure  1 ) is the aerobic post-treatment, provided the reactor system is constructed for this purpose. Formation of CaCO 3 precipitates is stimulated by the degree of over-saturation in the bulk liquid as discussed by van Langerak (2000) . Over-saturation is apparent in the post-treatment, resulting from the sharp decrease in the CO 2 partial pressure from about 30% (in the anaerobic system) to about 0 in the aerobic system. Changes in the inline treatment operation resulted in maximisation of the precipitation in the aeration tank. The phenomenon could be satisfactorily calculated using the above model and the estimated apparent solubility constants. The wet-analytical data served as input data for the estimation procedure. Figure 3 illustrates the very good agreement between the calculated and the measured data. Considering the advantages of operating the entire production process at high temperatures (50-60°C), a thermophilic treatment system needs to be developed that obviates cooling and re-heating of the process water. In the second set of simulations the temperature was taken as the parameter to study variations in the location and quantity of precipitation. In contrast to many other compounds, the solubility of CaCO 3 decreases with increasing temperatures. Therefore, uncontrolled scaling often occurs when heating takes place. In addition, in a system with a closed cycle, the concentration of specific compounds is always Comparison between calculated and measured data concerning CaCO 3 precipitation in the aeration tank (AT) and the UASB reactor. The model was calibrated using data from 1999, the situation in 1998 was simulated using this calibration as a starting point near saturation. Therefore, changes in temperature can easily result in changes in amounts of precipitate. Several options were simulated and although the effect of variations in temperature is not very strong, some conclusions can be drawn from the results shown in Table 2 . Apparently, operation of the proposed system under thermophilic conditions, while using the "mesophilic set-up", results in a higher degree of precipitation in the anaerobic reactor step. Table 2 shows that best results were obtained when the UASB is operated under mesophilic conditions and the aeration tank at high temperatures. The precipitation tends to shift to the "wrong" place with an increasing temperature difference between the UASB and the aeration tank. The total amount of precipitate does not change significantly in the various simulated options.
The observed temperature effect on the location of CaCO 3 precipitation complicates the implementation of an entire thermophilic inline treatment system. In order to protect the anaerobic stage, removal of calcium could be concentrated in an additional system unit. Langerak et al. (1997) performed experiments in which part of the effluent of a UASB was recycled over a precipitation reactor. The calcium was removed in this reactor by precipitation/crystallisation using the alkalinity formed in the UASB reactor. In this way the enhanced precipitation of CaCO 3 at high temperatures can be beneficially used (Figure 4) . Current research is focusing on the potentials of an additional precipitation reactor preceding the UASB. According to the applied definitions, precipitation will only occur in the precipitation reactor when UASB effluent with the produced HCO 3 --alkalinity is recycled. Results so far show that CaCO 3 precipitation is shifted from the UASB to the precipitation reactor. However, a large fraction still precipitates in the aeration tank. Further research will be performed to optimise CaCO 3 precipitation in the precipitation reactor, e.g. by altering the internal loops. A complicating factor in this simulation research is the missing reliable estimates of the apparent solubility constants of all compounds in the precipitation reactor. So far no data are available of full-scale precipitation reactors that are constructed in a "zero discharge" paper mill. The latter hampers fitting of the constants to the actual analytical data. Table 2 Effect of temperature on the location of CaCO 3 precipitation in an inline treatment system consisting of a pre-acidification tank (PT), a UASB and an aeration tank (AT), as shown in Figure 1 1  55  37  37  0  28  72  2  55  37  55  0  20  80  3  55  55  37  0  47  53  4  55  55  45  0  45  55  5  55  55  55  0  44  56 Anaerobic Energy aspects of closing process cycles
The total energy requirement for the corrugated cardboard production in a 1,000 ton.day -1 industry is:
• Combined heat and power (65% efficiency): 2,215 MJ.ton -1 • Steam for drying cylinders 3,650 MJ.ton -1 • Other steam requirements 650 MJ.ton -1 Total: 6,515 MJ.ton -1 Process water recycling immediately results in energy conservation, due to reduced discharge of warm effluents. The energy loss in a partly closed paper mill, operating with an effluent discharge of 10 m 3 .ton -1 , is about 1,045 MJ.ton -1 paper produced, assuming a fresh water temperature of 10°C and an effluent of 35°C. By applying the set-up of Figure 1 , i.e. anaerobic-aerobic treatment, surplus energy is obtained in the process water treatment system. Based on a pollution load of 25 kg COD.ton -1 recycle paper, the surplus energy is:
• Energy yield of produced biogas:
228 MJ.ton -1 • Usage for aeration and pumps:
-33 MJ.ton -1 Total: 195 MJ.ton -1 A further significant reduction in the energy requirement can be achieved by the application of efficient heat exchangers in the drying hoods. Depending on the type of heat exchanger about 950-1,400 MJ.ton -1 can be recovered. The potential energy recovery following from the implementation of a closed process water cycle with an inline anaerobic-aerobic treatment and heat recovery from the drying hoods is: The latter range resembles a reduction of 35-40% in the total energy demand in comparison to an open system (see also Habets and Zumbrägel, 1998) . However, when the inline treatment system is operated under mesophilic conditions, the reduction in energy demand will be less due to the required active cooling and re-heating of the process water. Applying a recirculation rate of 6 m 3 .ton -1 paper over the inline treatment system, additional energy costs for cooling and re-heating amount up to 500 MJ.ton -1 , depending on the installation of heat exchangers. For a 1,000 ton.day -1 board and packaging paper mill this equals about 500.000 Euro per year.
Conclusions
Integrated anaerobic-aerobic treatment is a sustainable solution for the inline treatment of the process water in a "zero-discharge" packaging paper mill. The combined C and S removal in the thermophilic anaerobic reactor with concomitant alkalinity production for Ca precipitation constitutes the core of the inline treatment concept. Whether or not the treated water can be reused in the process after the aerobic stage depends on quality demands in the production line. For the packaging and board mill, anaerobic treatment is complemented with aerobic treatment and sand filtration suffices. Closed cycles will accumulate compounds such as calcium until equilibrium with the end-product is reached. Uncontrolled CaCO 3 precipitation in the process loop may affect the paper production process, as well as the operation and efficiency of the process water treatment system. A model was developed and incorporated in an easy to use simulation program to predict the fate of calcium at a specific location. The simulation program is regarded as an important decision support tool to minimise operational problems in the "zero-discharge" mill. Results showed that application of high temperatures (55°C), requires a different approach to prevent calcium accumulation in the anaerobic step. The achieved simulated results are in very good agreement with the measured analytical data. Optimising and closing the process water loop leads to a significant reduction in the energy demand, particularly if the production process, including the inline treatment system, can be operated under hightemperature conditions.
